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Introduction and motivation

Difficulty of lattice QCD at finite baryon density

D(p) = 15D(—p) s = detD(p)" # detD(p) (1)
= Oscllating weight

Several challenges
Glasgow method:(See. I.M.Barbour et al.,98)

Simulations at fixed baryon number:
Bielefeld group(O.Kaczemarek etal., 98-99)

Practically still difficult

Another way:

See responses at u = 0!

Not many works

Quark number susceptibilities : Gottlieb et al., 1987-1997
dfi—:? Jump at T,
& change of nature of fermion number carrier

This work : See the responses of hadrons!

The first order and the second order responses of mass and coupling.
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Hadronic correlators and
responses of mass and coupling

Suppose that a hadronic correlator is dominated by a hadronic pole,

Clz) =Y < H(z,y,zt)H(0,0,0,0) >= A(e Mt 4 ¢ ML3))  (3)

y727t

where M = aM and & = z/a.

The first derivatives with respect to chemical potential p:
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The second derivative:
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Responses expressed by quark propagators

Meson in the flavor non-singlet channel.

< Hn)H(0) >=<TA >y / < A > (6)

where
T = Tr(g(n: 0, 11,)Tg(0 : m, pg)TT) (7)
A = det(D(pu))det(D(ua)) - (8)

Here , < O >y and <> mean

< O >p= /[dU Oexp(— // [dU)exp(—Sg) 9)
< 0 >= [[dU]OAexp(~Sa)/ [[dU)Aexp(~Sa) . (10)

The first and the second derivatives are

< H@HO) > = 23z Iaychn

—<T+TL>—-<T><4>

and
, 3 . L
i < HH(0) > = <EAs2istoo
2<TA+TA>O<A>0 o <TA>0[<A>0 . (<A>0) ]
<A>3 <A>p L<A>q <A>g (11)

—<T+2TA+TA> < T+TR>< %>
—<T>[<3> 2(<A>)2]



At zero baryon density
At p =0,

<A>=0 at p=0. (12)

S< Ny >=0at p=0.
Also note: .
ddet(D)/du = Tr[DD 1]det(D): anti-hermitian at p = 0.

Tr[DD ™Y = Tr[Dysys D7 = —Tr[ysDH (DY lys] = —Te[DD7Y* (13)
ddet(D)/du changes sign for U — U' while the measure and gluonic

action is invariant.
= its expectation value is 0.

& <HnH©O0) > =< TA+TS >

L <HmH(0) > =<T+2I8+T%>-<T><%>

(14)



Formulae for isoscalar response

Case of isoscalar chemical potential.

Hs = Uy = Hd (15>
Note:
9(0;1, p14) = 759" (750, —p1a) 75 (16)
=
T = Tr[g(n : 0, us)T59(n : 0, —pus) 750 (17)

Expanded propagator as

X . AQ . . R
9(p) =g fgDg+ " (29DgDg — gDg) + O(i)
9(—=h) =g+ igDg+ %5 (29DgDg — gDg) + O(ir")
g and D are propagator and fermion operator at zero chemical poten-
tial
And

g=—gDg (18)
The first derivatives at jig = 0 is
T = —i2Imtr[(ng)n;oF%g;[L;O%FT] : (19)

The second derivative at fig = 0 is obtained as

T = 4Retr[(gDgDg)nol V59507501 — 2Retr[(gDg)nol V50507501 (20)
—2tr[(9D) 0075 (9Dg)! 075



Derivatives of A.

d%det(D) — Tr[Dg|detD

dd—;det(D) — {Tr[Dg] — Tr[DgDyg| + Tr[Dg)*}det(D) (21)
=
Aa=omibg -
A/A = 2Tx[Dg] — 2Tr[DgDg| + 4Tr[Dg)* .
Combining eq.s (14),(19),(21) and (22),
i Re < H(n)H(0)! >=0 (23)

and

= Re < H(n)H(0)! >=

4Re < tr[(gDgDg)nolv59h.075I")] >

—2Re < tr[(gDg)nol5950750T)] >

—2Re < tr[(¢Dg)nol5(g D)ty > (24)
+8 < Imtr[(gDg)nol 59007 ImTr[Dg] >

+2Re{< tr[gnol 5950750 (Tr[Dg] — Tr[DgDg] + 2Tr[Dg]?) >

— < tr[gnol59h.07501] >< (Tr[Dg] — Tr[DgDg] + 2Tr[Dg]?) >}.



Formulae for isovector response

Isovector chemical potential,

Uy = Hy = —Hd
The derivatives of A:

L (det(D(jay))det(D (1)) uy—o = 0

A=
dpy

And

A = 2{Tr[Dg| — Tr[DgDg|}det(D)?

Derivatives of T':

T = —2ReTr[(9Dg)Tys9"sI"]
And

T = 4ReTr[(gDgDg) Y591 7501 — 2ReTr[(gDg)T 59750
+2Tr[gDgly5(9Dg) s

4 Re < H(n)H(0)! >= —2Retr[(¢Dg)n:olv59} 0v5T1]

45 Re < H(n)H(0)! >=
4Re < tr[(ng.Dg)n;OF%gL:O%FT)] >
—2Re < tr[(ng)n;0F75gL:Q’y5FT)] >
+2Re < tr[(ng)n:0F75(ng)L:O%FT] >
+2Re{ < tr[gnol 5900750 )(Tr[Dg] — Tr[DgDg]) >
— < tr[gnol 59007511 >< (Tr[Dg] — Tr[DgDg)) >}

(25)

(26)

(27)

(28)

(29)

(30)

(31)



ma = 0.025 ma = 0.017 ma = 0.0125

6 No.ofconf.s| S  No.ofconfs| B  No. of confs
5.26 300 5.26 300 5.26 300
5.34 120 5.34 120 5.33 300

Simulations and features of data

Table 1: Status of configurations

a. Lattices are 16 x 8% x 4.

b. R-algorithm to simulate N f =2 QCD.

Time step of molecular dynamics : d7 = 0.01.

Taking account of reduction factor of fermion loop.

3. To evaluate the trace, "Ir’, Z5 noise method is used.

Number of noise vector is two hundred.

4. Hadronic correlators are measured by using corner-type wall source
with Coulomb gauge fixing.

Features of the data

(A):
(B)
(D)
(e)
(c—1)
(a—b—d)
total

25, Re < [(gDg)nol* >
: 4%, .:Re < tr[(gl_?ng)n:ogl;o] >
s 2 Zy,z,t Re < tr[(ng)n:OFrYE)g;[L:OrYE)FT)] >

(32)

12800 < Imtr[(ng)nzog;[uO]ImTr[Dg] > /C(x)

1 5 Syt Re < [guo*(Tx[Dg] — Tr[DgDg| + 3 Tx[Dgl?) > /C(x)
(A~ B—-D)/C(z)

t(a—b—=d)+(e)+ (c—f)




Here, < AB >.. means cross correlation,< AB > — < A>< B >.

All the quantities are measurable with acceptable errors.
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Figure 1: Correlator and some quantities in the second order responses of pseudoscalar meson
at 3 = 5.34 and ma = 0.025. The curve is fitting by single pole formula (?7)

2nd response of Ps meson
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Figure 2: (Left figure) The second response of pseudoscalar meson correlator at 3 = 5.26 and
ma = 0.025. The curves are fittings by formula (5). (Right figure) The same one but 8 = 5.34
and ma = 0.0125.

Note: The response of genuine coupling of the hadronic pole ~.
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Figure 3: The first response of pseudoscalar meson correlator at § = 5.26 and 8 = 5.34.
Quark mass parameter is ma = 0.025.

Since

i(pr+-pot)
€ - Y Mz - —Mz

Response of v :

A
%:Z—l_ﬂ—i_z__ . (35)
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B =5.26
ma = 0.0125 | ma = 0.017 | ma = 0.025
M 0.295(0.001) | 0.352(0.001) | 0.427(0.001)
A7Yd2A/dyis | -1.2(3.0) -1.3(1.9) -0.7(1.6)
d?M /dgis* || 0.18(0.52) | 0.27(0.35) | 0.35(0.29)
v d?y/diis® | -0.5(3.5) -0.5(2.2) -0.2(1.5)

Table 2: Responses of pseudoscalar meson for ug at 8 = 5.26.

Results for pseudoscalar meson

Responses to the isoscalar chemical potential

a. Response of mass of is small in low temperature phase.
Persistency of nature of Nambu-Goldstone boson.
Chiral extrapolation leads that the limiting value of the isoscalar
response is consistent with 0

b. The response of the coupling is also small below T..

c. The correlator and its response are still well fitted by single pole
formulae.

d. Screening mass grows up and the second responses of mass and cou-
pling become sizable.

Liberation from nature of Nambu-Goldstone boson.
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B =534
ma = 0.0125 | ma = 0.017 | ma = 0.025
M 0.751(0.001) | 0.747(0.001) | 0.756(0.002)
AT A dyis || -4.23(0.49) | -3.68(0.75) | -2.93(0.52)
d’M /djis® | 5.39(0.10) | 5.82(0.16) | 4.31(0.10)
Yy Py /diis® | 2.95(0.51) | 4.12(0.78) | 2.77(0.53)

Table 3: Responses of pseudoscalar meson for ug at 8 = 5.34.

Responses to the isovector chemical potential

a. Large second response of mass in low temperature phase.
The response of the coupling is also sizable.
Even manifest for small quark mass parameter.
No restriction by Nambu-Goldstone boson nature. Light pion cou-

ples strongly to isovector chemical potential.

b. The mass tends to decrease in the influence of isovector chemical
potential. [?]. This is more clearly shown by an expansion:

M (1) M p., dM wo, 1 &M

i =l + R Cg Do (T)ZQ—Nt( gz =t O((f2)*)

for fixed S and ma. At 8 = 5.26 and ma = 0.017, the data suggests

M (piv)
T

Hv

2278
T ) —(1.29+£0.06)(—=)

M
i~ =0 + (0.023 & 0.036)( -
c. In the high temperature phase, the second responses decrease.

d. The first order response to the isovector chemical potential is small
and consistent with zero.

A comparative study in Nambu-Jona-Lasnio model (See Choe’s poster)

13



B =5.26

ma = 0.0125 | ma = 0.017 | ma = 0.025
A=YdA/diy || 0.015(0.067) | 0.046(0.043) | 0.018(0.027)
dM /dyiy 0.006(0.057) | 0.023(0.036) | 0.005(0.021)
(dM /dyivy)? (*) | -0.033(0.062) | 0.035(0.047) | 0.010(0.032)
A~Yd?A/dp? 47.0(1.0) | 33.78(0.86) | 23.07(0.64)
d?M /dyiy -13.1(0.60) | -10.28(0.47) | -8.56(0.32)

Y rdy [dpiy 2.6(2.3) 4.6(1.6) 2.8(1.0)

Table 4: Responses of pseudoscalar meson for uy at § = 5.26. (*)Extracted from the second

response by eq.(5)

3 =5.34
ma = 0.0125 ma = 0.017 ma = 0.025
A~YdA/dyiy || -0.0007(0.0094) | 0.0026(0.0086) | 0.0063(0.0098)
dM /dyiy 0.0007(0.0071) |-0.0008(0.0065) | 0.0022(0.0023)
(dM /dgiy)? (*) || 0.006(0.033) | 0.013(0.033) | 0.019(0.043)
AL A)dp? 2.32(0.64) 2.74(0.64) 3.07(0.85)
d>M /dyi* -1.32(0.32) -1.48(0.32) -1.54(0.41)
Y 2y Jdypiy 0.56(0.77) 0.76(0.77) 1.0(1.0)

Table 5: Responses of pseudoscalar meson for uy at § = 5.34. (*)Extracted from the second

response by eq.(5)
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Figure 4: M2 (Left) and d2M2/djis?® (Right) of psedoscalar meson versus ma. 3 is 5.26.
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Results for vector meson
Need more statistics

Features of preliminary data

a. The first order esponse to the isovector chemical potential is small.

b. As for the second order, positive response to the isoscalar chemical
potential.
Negative response of mass to the isovector potential.

¢. In comparison with the responses of pseudoscalar meson, for example
d?M /djiy/? | the responses are weak.

d. Deconfining feature in correlator and responses.

The formulae based on single meson pole dominance, ?7-5 give very
poor description to the data. Rather, mesonic correlator composed
of free quark gives similar shape
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Vector meson correlator 2nd response of correlator
Vector meson
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Figure 5: (Left figure) Vector meson correlator at 5 = 5.26 and ma = 0.025. (Right figure)
The second responses of screening mass of vector meson to the isoscalar chemical potential.
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3 =526 3 =534
ma = 0.017 | ma = 0.025 | ma = 0.017 | ma = 0.025
M not yet | 1.280(0.013) || deconfined | deconfined
ATYd2 A/ dyis not yet 1.9(2.7) / /
d>M /dyis® not yet 2.1(1.6) / /
vy Ld?y/diis® | not yet 3.5(3.0) / /

Table 6: Responses of vector meson for ug.

Vector meson

Free quark(ma=0.025)

Vector state

100

0.01¢

beta=5.34, ma=0.025
T

0.01

Figure 6: (Left figure) Correlator and other contributions of vector meson at 5 = 5.34 and

ma =

0.025. Notations are the same with eq.(?77?).

(Right figure) Correlator and other

contributions of vector meson composed of free quark (ma = 0.025).
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Summary and discussions

Summary

a. Development of a framework for the second order response of hadrons
to the chemical potential

b. The first results of responses of screening mass of pseudoscalar and
vector mesons

c. Characteristic change of responses of pseudoscalar meson below and
above chiral transition.

d. Large response of pseudoscalar meson to the isovector chemical po-
tential in low temperature phase.

e. A hadronic pole gives good description for the response as well as
correlator at 3 = 5.34 (above T'/T,. ~ 1.1) in the pseudoscalar chan-
nel. On the other hand, vector meson seems to be deconfined there.

Outlook

i Need test on larger lattices.

Present lattice is too coarse (a ~ 0.3fm) Differences N; = 4 and
N; = 6 lattices have been recognized.

ii Study of chemical potential responses of nucleon.

iii Similarly, those of quark condensate are even more important.

Pilot studies are going.
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